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The signal intensity of low-molecular-weight compounds analyzed using surface-assisted laser
desorption/ionization time-of-flight mass spectrometry (SALDI-TOF-MS) was significantly
enhanced when oxidized graphitized carbon black (GCB) particles were used as the desorp-
tion/ionization surface. The surface of oxidized GCB contains more carboxylic acid groups
than non-oxidized GCB. Carboxylic acid groups enhance the efficiency of the ionization
process and the desorption of more hydrophobic compounds. A common pharmaceutical
compound, propranolol, was successfully extracted from Baltic Sea blue mussels and quanti-
fied using oxidized GCB as the SALDI surface, whereas deuterated propranolol was used as
the internal standard. The calibration curve showed a wide linear dynamic range of response
(0.1–20 g/mL) and good reproducibility (RSD  10%). It was not possible to detect
propranolol in Baltic Sea blue mussels when non-oxidized GCB was used as the SALDI
surface. (J Am Soc Mass Spectrom 2009, 20, 1207–1213) © 2009 American Society for Mass
SpectrometryDespite all the efforts made in overcoming prob-lems associated with analysis of small mole-cules using matrix-assisted laser desorption
ionization mass spectrometry (MALDI-MS) [1, 2], the
technique still requires further improvements. A range
of techniques has been developed to overcome the
matrix problems in analysis of small molecules, includ-
ing the use of desorption ionization from porous silicon
(DIOS) [3], polymeric matrices [4], inorganic materi-
als [5], high-molecular-weight matrices [6], surfactant-
suppressed matrices [7], and carbon allotropes. Carbo-
neous materials such as carbon nanotubes [8], activated
carbon [9], graphite [10], and, recently, graphitized
carbon black (GCB) [11] have been shown to provide
suitable media for surface-assisted laser desorption
ionization (SALDI) and have been used in various
formats for different applications. Among these tech-
niques DIOS is the most widely used, although it
suffers from oxidation of surface groups and degrada-
tion of performance when stored in air for extended
periods of time [12].
Several strategies exist to reduce the detection limits
of desorption/ionization MS analysis. One approach to
improve sensitivity is to concentrate the sample on a
plate, as in surface-enhanced laser desorption ioniza-
tion (SELDI) [13], or on a medium that can act as a
SALDI matrix. Graphitized carbon black has been re-
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small molecules (as a solid-phase extraction sorbent)
and to act as a SALDI medium [11]. Another approach
is to enhance the desorption/ionization efficiency by
increasing the number of cation-exchangeable sites on
the surface [8], such as through oxidation.
The formation of surface oxides using different liq-
uid oxidizing agents in a variety of carbonaceous ma-
terials has been summarized in several reports [14–16],
but no report is available on the oxidation of GCB. GCB,
which is obtained by heating carbon black at 2700–
3000 °C, has a relatively small proportion of residual
oxygen on the surface, mainly as a result of contamina-
tion of the particles before graphitization [17]. To in-
crease the amount of chemisorbed oxygen on the sur-
face, a concentrated H2SO4/HNO3 mixture was used,
based on findings from carbon nanofibers [16].
One advantage of GCB materials over carbon nano-
tubes, which have been used as a SALDI matrix in their
oxidized form [8], is their low cost. The yield of the
oxidation reaction is low at roughly 15% [8] and ana-
lytical protocols using less expensive materials need to
be developed.
Human pharmaceuticals have recently attracted at-
tention as emerging environmental contaminants [18].
The occurrence of pharmaceuticals in the environment
is well documented [19], although little is known about
their environmental fate and availability [20] or their
uptake, possible accumulation, and effects in biota [21].
The determination of the human pharmaceutical pro-
pranolol in Baltic Sea blue mussels (Mytilus edulus),
exposed to the drug as part of a sublethal chronic
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the performance of quantitative SALDI analysis.
Experimental
Materials and Reagents
Graphitized carbon black 4 (GCB 4; mesh 400, surface
area 210 m2/g) was kindly provided by the Laboratori
Analitici di Ricerca Associati (Formello, Rome, Italy).
Tetramethylammonium bromide and tetraethylammo-
nium bromide were purchased from Fluka Chemie
(Buchs, Switzerland), tetrapropylammonium bromide
and tetrapentylammonium bromide from Aldrich (Mil-
waukee, WI, USA), and tetrabutylammonium bromide
from Merck (Darmstadt, Germany). The organophos-
phate esters tetraethyl ethylenediphosphonate, triphenyl
phosphate, tris(n-butyl) phosphate, tris(2-butoxyethyl)
phosphate, tritolyl phosphate, tris(n-pentyl) phosphate,
tris(n-propyl) phosphate, and the aminoglycoside anti-
biotics gentamycine, neomycine, dihydroxystreptomy-
cine, streptomycine, and tobramycine were obtained
from Sigma–Aldrich (St. Louis, MO, USA), as was triflu-
oroacetic acid (TFA). Sulfathiazole, sulfanilamide, sulfa-
quinoxaline, sulfaphenazole, sulfadimethoxine, sulfisomi-
dine, sulfadiazine, sulfamonomethoxine, sulfamethoxazole,
acebutolol, metoprolol, propranolol, carbamazepine,
naproxen, ibuprofen, and clenbuterol were purchased
from Sigma. Deuterated propranolol (ring-d7) was ob-
tained from QMX Laboratories (Essex, UK). Hydrochloric
acid, sulfuric acid, nitric acid, n-hexane, acetonitrile, ethyl
acetate, ammonia, dichloromethane, and sodium carbon-
atewere purchased fromMerck.Waterwas purified using
a Millipore water purification system (Millipore Corp.,
Billerica, MA, USA) to a resistance 18 M/cm.
Procedure for Oxidation of GCB
A mixture of GCB (300 mg) and concentrated HNO3/
H2SO4 (40 mL, 1:3, vol/vol) was stirred and refluxed at
120 °C for 30 min [8]. The solution was cooled to room
temperature, diluted to 200 mL with water, transferred
into 15-mL Falcon conical tubes (BD Biosciences, Frank-
lin Lakes, NJ, USA), and centrifuged (Eppendorf 5415 R,
9659  g). The supernatant liquid from each tube was
discarded, more water was added, and the mixture was
centrifuged again. This process was repeated seven
times until the supernatant water became neutral. The
final precipitate was separated and allowed to dry at
room temperature. Approximately 30 mg of oxidized
GCB was collected and stored under dry conditions for
further use.
Characterization of Oxidized GCB
SEM. The elemental analyses of GCB and oxidized
GCB were performed on a field emission scanningmicroscope (JSM-7000F, JEOL, Tokyo, Japan) with
wavelength and energy dispersive spectroscopy (WDS
and EDS), on four different spots.
Titration. GCB and oxidized GCB samples were was-
hed with water and allowed to dry at ambient temper-
ature. The samples were then heated at 100 °C for 5 h
before titration. A titration procedure was conducted in
triplicate to quantify the carboxylic acid groups present
in the oxidized GCB [22]. Oxidized GCB was stirred in
2.00 mL of 0.05 N NaHCO3 aqueous solution for 48 h.
Then 2.00 mL of 0.05 N aqueous HCl was added to the
solution, which was boiled for 5 min to remove any
CO2 present. The solution was cooled to room tem-
perature and the excess HCl was titrated with 0.05 N
aqueous NaOH until pH 7.00 was reached (Jenway
pH meter, Essex, UK). A volume equal to 156 L of
titrand was added to 2.79 mg of oxidized GCB to
achieve this.
NMR. Proton spectra were recorded on a Bruker
Avance spectrometer (Bruker BioSpin GmbH, Rhein-
stetten, Germany) operating at 9.4 Tesla, using an
inverse-detection (BBI, Bruker BioSpin) probe. The sam-
ple was once dispersed in deuterated water (D2O) and
water-suppression techniques were used, by excitation
sculpting with gradients. For the sample with dimethyl-
sulfoxide (DMSO) as solvent, a normal 90° pulse sequence
was used. In all, 256 scans were acquired using the hard
1H /2 pulse of 8 s at room temperature.
Sample Preparation and Spotting on a Plate
Five groups of compounds consisting of human medi-
cines, sulfonamides, organophosphate esters, amino-
glycoside antibiotics, and quaternary amines were se-
lected. Solutions with concentrations of 0.07 mM for
each group were prepared and stored at around 4 °C
before use.
GCB (0.1 g) was washed with 1 mL of MeOH and 1
mL of CH2Cl2/MeOH 80/20 using a 3-mL fritted res-
ervoir (Isolute; Biotage, Charlottesville, UK) mounted
on a solid-phase extraction vacuum manifold (VacMaster-
10, Biotage). Nitrogen was then passed through the
reservoir to dry the particles. After reaching dryness, a
suspension containing 10 mg of GCB in 1 mL of water
was prepared. The suspension was vigorously shaken
and 1.5 L was spotted on a stainless steel plate.
Oxidized GCB (10 mg) was dispersed into a suspen-
sion in 1 mL of water, resulting in a very uniform and
stable suspension, and 1.5 L of the suspension was
spotted on a stainless steel plate. Spots were left to
dry, after which 1.5 L of the sample solutions were
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When completely dry, the plates were stored at room
temperature awaiting laser desorption/ionization
analysis.
Extraction and Quantification of Propranolol
from Mussel Tissue
For the exposure experiments, the mussels were placed
in aquaria filled with artificial sea water containing
different concentrations of propranolol. The aquaria
were kept at 7 °C throughout the exposure experiment
and all of them were aerated. The exposure experiment
was conducted over 14 days. Every third day the water
was exchanged in the experimental jars, food supplied
(I. galbana  0.9 mg dw L1), and propranolol was
added. At the end of the 14 days, the mussels were
subjected to a scope for growth experiment [23]. In this
experiment a total energy budget was calculated for the
blue mussel, based on assimilation, excretion, and res-
piration, and this can be used to measure the state of
health or the degree of stress of an organism. The
mussels were frozen immediately after the scope for
growth experiment and kept at 18 °C until chemical
analysis was performed.
Frozen mussels were thawed, homogenized, and
weighed. To each sample, which weighed about 30 mg,
2 mL of acetonitrile was added, mixed vigorously using
a Vortex mixer (Whirlmixer, Fisons, UK), and centri-
fuged (6036 g; Damon/IEC Division, Foster City, CA,
USA). The extraction procedure was repeated three
times. Subsequently, 1 mL of 0.1 M HCl and 1 mL of
n-hexane were added to the acetonitrile extract, mixed,
centrifuged, and the n-hexane supernatant was sepa-
rated and discarded. This procedure was repeated three
more times but without the addition of acid. The
acetonitrile phase, containing propranolol, was evapo-
rated to a few milliliters in a vacuum using a rotary
evaporator (SpeedVac, Savant SPD111V, Thermo Fisher
Scientific, Waltham, MA, USA), transferred to a centri-
fuge tube, and 1 mL of 0.1 M HCl and 1 mL of ethyl
acetate were added to it. The mixture was shaken and
centrifuged after each of three additions of ethyl acetate.
The ethyl acetate supernatants were collected, com-
bined, and evaporated to dryness under a stream of
nitrogen and the dry residues were dissolved in 50 L
of 1% TFA in water. The water content of mussels,
measured after reaching a constant weight at 80 °C, was
roughly 97%.
Deuterated propranolol was used as the internal
standard and was added to the standard solutions used
to construct the calibration curve (0.1, 0.5, 1, 5, 10, 15,
and 20 g/mL) and to the mussel samples at a concen-
tration of 1.0 g/mL.
To investigate the extraction yield of propranolol
from mussels, 25 L of a 20 g/mL solution of pro-
pranolol was added to four samples of blank mussels
and extraction was performed as stated earlier. Usingdeuterated propranolol as the internal standard, the
extracted propranolol was quantified using the calibra-
tion curve.
SALDI-ToF-MS
All SALDI mass spectra were obtained using a Voyager
DE-STR time-of-flight mass spectrometer (Applied Bio-
systems, Carlsbad, CA, USA), in the reflector mode. A
pulsed 337-nm nitrogen laser was used for desorption.
The acceleration voltage was 20 kV, the delay time was
150 ns, and the grid voltage was 65%. All mass spectra
were accumulated from five different spots, 20 shots per
spot, except for the quaternary amine samples in which
the final spectrum was the average of five different
spots and five shots per spot. The signal-to-noise (S/N)
values were calculated using the automatic S/N calcu-
lator in Data Explorer version 4.0. The laser intensity
was optimized to give as wide dynamic range as
possible for the experiments with the quaternary
amines. The laser intensity was kept constant for the
quantitative measurements as well as for all experi-
ments with comparisons between GCB and oxidized
GCB.
Results and Discussion
Characterization of Oxidized GCB 4
The scanning electron microscope (SEM) images (Fig-
ure 1) show that the particles of GCB have been reduced
to100 nm in size after oxidation. This observation is in
agreement with findings showing that a concentrated
H2SO4/HNO3 mixture cuts carbon nanotubes [8] and
nanofibers [16] into shorter lengths. The particles of
oxidized GCB have a tendency to aggregate, as shown
in Figure 1b. Elemental analysis was performed using
SEM and the oxygen content of GCB was found to be
5.5  0.1% (wt/wt), whereas oxidized GCB contained
14.1  1.3% (wt/wt) oxygen. The results revealed that
oxidized GCB had higher oxygen content than that of
GCB but they did not provide any information on the
nature of the oxygenated functional groups present.
To evaluate the percentage of oxygen present as
COOH, acid–base titration was performed. GCB exhib-
ited basic properties (pH 8.1 at 3 mg/mL of GCB),
which is in agreement with previous observations [17].
The pH value for 3 mg/mL solutions of oxidized GCB
was roughly 2.9, which corresponded to the presence of
12.2  1.0% (wt/wt) COOH, equivalent to 8.7  0.7%
(wt/wt) oxygen. From SEM and titration experiments it
can be concluded that 5.4 1.5% (wt/wt) of the oxygen
in oxidized GCB comprises functional groups other
than COOH. The presence of COOH groups on oxi-
dized GCB was further confirmed by nuclear magnetic
resonance (NMR) imaging.
NMR studies of functionalized nanoparticles, such as
carbon nanotubes, have attracted attention because of
tion.
1210 AMINI ET AL. J Am Soc Mass Spectrom 2009, 20, 1207–1213their potential to probe the functional groups and
surface characterization. Although solid-state NMR is
the technique of choice, liquid state NMR is also infor-
mative when the material of interest is soluble [24]. Two
NMR proton spectra were taken, one in DMSO and the
other in D2O. A sharp proton signal appeared at 8 ppm
in both cases, whereas a broader signal (at 13.8 ppm)
was observed only in DMSO. The signal observed at 8
ppm was not exchangeable, whereas the signal at 13.8
ppm was exchanged with the deuterium present in
D2O. The signal at 13.8 ppm, which probably corre-
sponds to carboxylic protons, was notably shifted to the
low-field region. This could be attributed to the extent
of hydrogen bonding between the surface-bound car-
boxylic groups [25, 26]. The acidic properties of the
carboxylic groups could also be amplified by electron
delocalization over the large network of aromatic rings
in the graphene structure. The signal at 8 ppm corre-
sponds to aromatic protons present at the edges of the
graphene structure.
Comparison of Ionization/Desorption Efficiencies
of the GCB and Oxidized GCB
Experiments were performed using a number of qua-
ternary amines (QAs) as model compounds to study
how the differences in surface characteristics between
GCB and oxidized GCB influence the desorption pro-
cess. When the QAs were used, desorption could be
studied independently of the ionization efficiency of the
analyte molecules. The selected QAs, with alkyl chains
increasing long from methyl to pentyl, differed in their
hydrophobic properties.
The S/N ratio was determined for different QAs to
investigate the hypothesis that the addition of oxygen-
containing groups to GCB not only improves the ion-
ization efficiency by providing enough cations but also
substantially changes the nature of the SALDI surface,
thus creating different desorption behaviors.
Figure 2 presents the S/N ratios obtained for QAs on
the surface of GCB and oxidized GCB. The relative
desorption efficiencies of QAs with different alkyl chain
Figure 1. SEM images of (a) GCB (5000) and (
has reduced by a factor of about 105 after oxidalengths were reversed from GCB to oxidized GCB. Lesshydrophobic QAs were more easily desorbed from the
more hydrophobic surface of GCB, whereas the hydro-
philic surface of oxidized GCB readily desorbed the
more hydrophobic QAs. The QA desorption profiles
suggest that the hydrophobic surface of GCB has been
changed by oxidation. Thus the improvement in S/N
ratios using oxidized GCB should be attributed to both
improvement in the ionization of the target compounds
and to changes in the desorption process. From a
theoretical perspective the intermolecular forces (such
as hydrophobic interactions, dispersion forces, London
forces) between the SALDI surface and the analyte seem
to inhibit desorption.
Enhancement of SALDI-MS Signal-to-Noise Ratios
The characterization of the oxidized particles by NMR
and titration showed a substantial increase in the num-
ber of acidic functional groups present on the particle
surface, whereas SEM confirmed the increase in the
number of oxygen. These groups can act as cation-
donor sites by providing adsorbed analytes with pro-
tons, sodium ions, or potassium ions, increasing the
idized GCB (100,000). The particle size of GCB
Figure 2. The desorption patterns of QAs from both GCB and
oxidized GCB surfaces. The less hydrophobic QAs were more
easily desorbed from the surface of GCB, whereas oxidized GCB
was the preferred desorption surface for the more hydrophobicb) oxQAs.
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SALDI-MS. Four groups of model compounds were
selected: human medicines, sulfonamides, organophos-
phate esters, and aminoglycoside antibiotics. The com-
pounds in the selected groups covered a wide range
of physical and chemical properties to evaluate the
ionization/desorption efficiency of the nanoparticles.
Figure 3 shows the S/N ratios of proton, sodium, and
potassium adducts of a selected number of the com-
pounds studied obtained using both GCB and oxidized
GCB nanoparticles. The complete list of compounds
including the relative standard deviation (RSD) value
for each adduct is presented in the supplementary
material, which can be found in the electronic version of
this article. Most of the results demonstrate a significant
increase in the S/N ratio, particularly for basic com-
pounds. Dihydroxystreptomycin, for instance, showed
a 160-fold increase in the S/N ratio. Most of the
sulfonamides, a group of relatively basic compounds,
were detected using GCB. Sulfaphenazole adducts,
however, were not detected using GCB, whereas all
proton, sodium, and potassium adducts were detected
using oxidized GCB. S/N ratios were 18, 22, and 23 for
these adducts, respectively.
Both acidic and basic compounds were selected from
the human medicines group for evaluation. Among this
group, the basic medicines were detected using both
GCB and oxidized GCB. The S/N ratios were higher for
nearly all adducts that were formed when oxidized
GCB was used, but it was not possible to predict which
adduct would increase in signal intensity. The effect
was most pronounced for carbamazepine, which is a
polycyclic alkaline drug. The detection limit achieved
for propranolol desorbed from the surface of oxidized
GCB is comparable to that for DIOS chip [27].
Oxidized GCB showed significant potential to en-
hance the S/N ratio when it was used for desorption
ionization MS analysis of polar aminoglycoside antibi-
otics. Only the sodium adducts of gentamycin and
tobramycin were detected using GCB. At least one
adduct of each compound was detected when oxidized
GCB was used. Organophosphate esters were also
desorbed and ionized from the surfaces of GCB and
Figure 3. A comparison of signal-to-noise rati
SALDI surfaces for the analysis of selected huma
and aminoglycoside antibiotics. For each compou
bar S/N of [M  Na], and the right bar S/N of [Moxidized GCB. As shown, they were mostly detectable
using GCB, although the S/N ratios were improved up
to 23-fold for tetraethyl ethylenediphosphonate when
oxidized GCB was used.
As shown in Table 1 in the supplementary material
the reproducibility of S/N values was improved when
oxidized GCB was used, most likely attributable to
more homogeneous spots, which made it more suitable
for quantitative analysis.
Quantitative Determination of Propranolol
in Mussels
The quantitative determination of propranolol in mus-
sels, exposed to the compound as part of an ecotoxico-
logical study, was performed to further evaluate the
performance of the oxidized GCB material. Propranolol
was extracted from mussels as described in the experi-
mental section. The extract from mussels living in water
containing propranolol (100 g/L) was spotted onto
both GCB and oxidized GCB and analyzed by means of
SALDI. As shown in Figure 4, propranolol could be
detected only by using oxidized GCB.
To determine the concentration of propranolol in
mussels, a calibration curve was plotted of relative
response (i.e., response for the analyte divided by that
for the internal standard) against analyte concentration.
Deuterated propranolol was used as the internal stan-
dard. Every point on the calibration curve represented
an average of five spectra and each spectrum was
accumulated from 10 laser shots at five different spots
(i.e., a total of 50 laser shots). The linear response range
for propranolol was in the region 0.1–20 g/mL, the R2
value was 0.9986, and the RSD value for each point on
the curve was 10%.
The concentration of propranolol extracted from
mussels kept in water containing propranolol at 100
g/L was measured in five replicate samples and was
found to be 1.02  0.11 g/g wet weight of mussel,
based on the protonated propranolol. This corresponds
to a 10-fold bioaccumulation of propranolol by Baltic
Sea blue mussels (Mytilus edulus). The recovery of
/N) obtained using GCB and oxidized GCB as
dicines, sulfonamides, organophosphate esters,
he left bar depicts S/N of [MH], the middleos (S
n me
nd, t K].
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uated and found to be 59.8  3.7% for four replicates.
To detect [M  H] and [M  Na] the concentra-
tion of propranolol must be greater than 176 and 66
ng/g wet weight of mussel, respectively, using a S/N
ratio of 3 to define the limit of detection.
Conclusions
The SEM and titration experiments performed were
used to quantify the extent of carboxylic groups on the
surface of oxidized GCB particles. Proton NMR spectra
acquired in D2O and DMSO confirmed the presence of
the carboxylic groups. The addition of carboxylic
groups to the surface of GCB not only increased the
ionization yields but also changed the hydrophobicity
of the surface, as demonstrated by the alteration in
desorption profiles of QAs. The S/N ratios of a wide
number of analytes, and especially basic compounds,
were significantly increased when oxidized GCB parti-
Figure 4. Mass spectra of propranolol extra
containing propanolol at 100 g/mL, spotted on
and 282 corresponding to [MH] and [MN
GCB was used as the SALDI surface.cles were used as the SALDI surface.Acknowledgments
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